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Atmospheric neutrinos
Early experiments

First indications of the atmospheric
neutrino anomaly

The Super-Kamiokande water Cherenkov
detector

Some results
Future plans




Primary Cosmic-ray interaction

in the atmosphere. eThey bombard the Earth

. uniformly from all directions.
Shower of particles

produced

Detailed flux calculations:
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M M Honda
Volkova
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The neutrino 1s observed by “seeing” the
product of its interaction with matter.
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»

Direction of lepton
approximates neutrino
direction
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Interactions of atmospheric neutrinos occur in underground
detectors and are dominant background for nucleon decay search.

First significant measurements from IMB and Kamiokande nucleon decay
experiments.

*Uncertainties in primary flux and hadronic interactions
Absolute numbers of v, and v, can only be predicted to +/- 20%.

*Ratio of two flavors 1s independent of cosmic-ray flux
Can be predicted to +/- 5%.

=) |R-

(Vu/ Ve)DATA

(vp/ Ve)M.C.




If we assume that there are notor u
interactions, then:

Tt > ut o+
L »e"v 7
T~ > u' +
'—»e'Ve
So,
— = 2:1
Vo TV,

V. /v, decreases with
energy above about 1 GeV.
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Atmospheric Neutrino Experimental

Results
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« Muon deficit is really electron excess from p > e* vv
i.e. Proton Decay background!
Anomaly extends to beyond 1 GeV

* High energy neutron background (=0 >e-like events)
No evidence for this (<0.4% of total e-like events).
« Particle I.D. problems KEK beam test --- particle |.D. OK

« Detector inefficiencies favor electron detection over muon detection
SuperK results show no problem with inefficiency.
« Something peculiar about neutrino cross section on Oxygen

“...neglected physics cannot account for anomalous
ratio..." “...ratio is a robust measure of the anomaly."

All flux calculations for v,/ v, are wrong.

“...we identify the major source of the difference among the calculations. We find nothing
that would affect the predicted ratio of Vu/ Ve , Which is nearly the same in all calculations."




Electronics huts

*3000 feet underground —

Japanese Alps e

50,000 cubic meters of purified

water K ~ .3 .
*11, 200 — 20” diameter Ml o ey
photomultiplier tubes E-'” B 34
1,800 — 8” diameter & -_‘_ﬂffi R
photomultiplier tubes faia "

Photomultiplier tube
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Charged
Particle

Light




e Cheap target material

e Surface CHERENKOV EFFECT
Instrumentation B=vic n{water)= 133

o Vertex from timing -

e Direction fromring ...
edge M

e Energy from pulse
height, range and
opening angle

e Particle ID from hit
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=(Calculate difference between observed
time of hit and calculated time.
* Adjust track to minimize.
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Particle ldentification
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‘ . About 15 km
Ry e I .
‘ « P, =sin?20sin*(1.27Am?L/E))
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eutrinos produced in the atmosphere at ~15 km altitude...

travel through the earth and interact in the detector.
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Sensitivity off angular distribution to
neutrino oscillations

No oscillations -
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Multi-GeV e-like = |MMulti-GeV u-like + PC

T Up-going Down-going * T Up-going Down-going *
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*Fully-contained events
Partially-contained events
*Upward-going neutrino
induced muons.
*Those that enter and exit
the detector.
*Those that stop in the
detector.

Different energy ranges
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68% C.L.
— 90% C.L.
99% C.L.

4
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sin“260

Best fit:

sin?20 =1.0

Am?  =2.0x103 eV?
w2 =170.8/170 dof

90% C.L. region:
sin420 > 0.90
1.3 < Am?< 3.0x103 eV?
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Neutrino oscillation : P,, =1 -sin220sin2(1.27 %)
Neutrino decay : P.. = (cos28 + sin20 x exp(- 'E"% —E'-—))2




1489.2 days FC+PC

Expected if
No oscillations

n Expected \
& with best fit

Number of events
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— 99% C.L.
— 90% C.L.
— 68% C.L.

| Am?2=2.4x10-3,sin220=1.00
| (2min=37.8/40 d.o.f
| (sin220=1.02, x2min=37.7/40 d.o.f)

1.9x10-3 < Am?2 < 3.0x10-3 eV?2
0.90 < sin220 at 90% C.L.

— 99% C.L.
— 90% C.L.

— 990 C.L. — 68%C.L.
— 90% C.L. :
— 68%C.L. < 10|
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—— L/E analysis

—— Zenith angle analysis

Allowed 6m? region will
get smaller as sqrt(exposure)

Allowed sin?20,, region will
get smaller as sqrt(exposure)

- ——



Plat form
Liner
Opaque Sheet
QOuter Detector

Inner Detector

=

Super-K

Associated with second phase
Hyper K of new long baseline experiment




* Atmospheric v, are disappearing
— Oscillations v, — v, are dominant (99% c.l.)

— L/E oscillation pattern observed

 — Small contribution of v, — v, oscillations is not
excluded

< — Pure oscillations v, — v, are excluded at 99% CL




Oscillation 2min=37.8/40 d.o.f
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